Angiotensin II (AII) contributes to the pathogenesis of many cardiovascular disorders. Oxidant-mediated activation of poly(adenosine diphosphate-ribose) polymerase (PARP) plays a role in the development of endothelial dysfunction and the pathogenesis of various cardiovascular diseases. We have investigated whether activation of the nuclear enzyme PARP contributes to the development of AII-induced endothelial dysfunction. AII in cultured endothelial cells induced DNA single-strand breakage and dose-dependently activated PARP, which was inhibited by the AII subtype 1 receptor antagonist, losartan; the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase inhibitor, apocynin; and the nitric oxide synthase inhibitor, N-nitro-L-arginine methyl ester. Infusion of sub-pressor doses of AII to rats for 7 to 14 d induced the development of endothelial dysfunction ex vivo. The PARP inhibitors PJ34 or INO-1001 prevented the development of the endothelial dysfunction and restored normal endothelial function. Similarly, PARP-deficient mice infused with AII for 7 d were found resistant to the AIIinduced development of endothelial dysfunction, as opposed to the wild-type controls. In spontaneously hypertensive rats there was marked PARP activation in the aorta, heart, and kidney. The endothelial dysfunction, the cardiovascular alterations and the activation of PARP were prevented by the angiotensin-converting enzyme inhibitor enalapril. We conclude that AII, via AII receptor subtype 1 activation and reactive oxygen and nitrogen species generation, triggers DNA breakage, which activates PARP in the vascular endothelium, leading to the development of endothelial dysfunction in hypertension.
INTRODUCTION
Poly(adenosine diphosphate [ADP]-ribose) polymerase-1 (PARP-1), a monomeric enzyme present in eukaryotes, is the major isoform of an expanding family of poly(ADP-ribosyl)ating enzymes (1, 2) . The main isoform of the family, PARP-1, primarily functions as a DNA damage sensor in the nucleus. Upon binding to damaged DNA, mainly through the 2nd zinc finger domain, PARP-1 forms homodimers and catalyzes the cleavage of nicotinamide dinucleotide (oxidized) (NAD + ) into nicotinamide and ADP-ribose and uses the latter to synthesize branched nucleic acid-like polymers poly(ADP-ribose) covalently attached to nuclear acceptor proteins. The biological role of PARP-1 is complex and includes the regulation of DNA repair and maintenance of genomic integrity (overviewed in 1,2).
PARP-1 has been implicated in a variety of pathophysiological processes. PARP is an energy-consuming enzyme, which transfers ADP ribose units to nuclear proteins. As a result of this process, the intracellular NAD + and adenosine 5′-triphosphate (ATP) levels remarkably decrease, resulting in cell dysfunction and cell death via the necrotic route (overviewed in 1,2).
PARP becomes activated in response to DNA single-strand breaks, which can develop as a response to free radical and oxidant cell injury. Oxidative and nitrosative stress triggers the activation of the nuclear enzyme poly(ADP-ribose) polymerase (PARP), which contributes to the pathogenesis of various cardiovascular diseases including myocardial infarction and ischemiareperfusion and heart failure, as well as diabetic endothelial dysfunction (1, 2) .
Increased oxidative and nitrosative stress have been proposed as a mechanism through which angiotensin II (AII) contributes to the development of cardiovascular disease (3) (4) (5) (6) . In endothelial cells incubated with AII, increased production of superoxide has been reported. In addition, the increased oxidative stress has been shown to contribute to the development of AII-induced endothelial dysfunction, as it has been shown to be ameliorated by antioxidants (7, 8) . One of the key factors in AII-induced oxidant generation in endothelial cells is related to up-regulation of NADPH oxidase (9) . Endothelial cells from p47(phox -/-) mice produce less superoxide in response to AII (10) .
As oxidative stress is a key trigger of the activation of PARP (1,2), the aim of the present study was to investigate the role of PARP activation in the pathogenesis of AII-mediated endothelial dysfunction.
MATERIALS AND METHODS

AII-Induced Activation of PARP In Vitro
Murine microvascular endothelial cells were plated at a density of 250000 cells per well in a 12-well plate and grown in Ham's F12 ARTICLES media supplemented with 10% fetal calf serum and 0.03 mg/mL endothelial cell growth supplement. After 24 h, the media was replaced and the cells were treated with increasing concentrations of AII (30, 100, or 300 µM) for 24 h. These concentrations of AII have previously been shown to induce oxidative stress in endothelial cells in vitro (11, 12) . In subsequent experiments mouse endothelial cells were pretreated for 30 min with increasing concentrations of the PARP inhibitors PJ-34 (13, 14) or INO-1001 (15,16) by the angiotensin II subtype 1 receptor antagonist, losartan; the NADPH oxidase inhibitor, apocynin; the nitric oxide synthase (NOS) inhibitor, N-nitro-L-arginine methyl ester (L-NAME); or by the xanthine oxidase inhibitor, allopurinol, followed by the administration of 300 µM AII.
DNA single-strand breakage was measured by terminal deoxynucleotidyltransferase-mediated deoxy-uridine-triphosphate (dUTP)-biotin nick end labeling using a commercially available kit (ApopTag Kit, Oncor Inc, Gaithersburg, MD, USA). For the measurement of cellular PARP activity (13, 14) , the media was removed and replaced with 0.5 mL N-2-hydroxyethylpiperazine-N′-2′-ethanesulfonic acid (pH 7.5) containing 0.01% digitonin and 3 H-NAD (0.5 µCi mL -1 ), and the cells were incubated for 20 min at 37 °C. The cells were then scraped from the wells and placed in Eppendorf tubes containing 200 µL ice-cold 50% trichloroacetic acid (TCA) (w/v). The tubes were then placed at 4°C. After 4 h, the tubes were centrifuged at 1800g for 10 min and the supernatant removed. The pellet was washed twice with 500 µL ice-cold 5% TCA. The pellet was solubilized in 250 µL NaOH (0.1 M) containing 2% sodium dodecyl sulfate overnight at 37 °C. The PARP activity was then determined by measuring the radioactivity incorporated using a Wallac scintillation counter (Wallac, Turku, Finland). The solubilized protein (250 µL) was mixed with 5 mL scintillant (ScintiSafe Plus, Fisher, Pittsburgh, PA, USA) before being counted for 10 min. Results are expressed as a percentage of the PARP activity observed in untreated cells. Cell viability was measured by the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide assay (13, 14) and was unaffected by the pharmacological inhibitors used. ALZET osmotic mini-pumps (DURECT, Cupertino, CA, USA) were used to provide continuous AII administration for 1 or 2 wk in rats (male Sprague-Dawley, 325 to 350 g). Subcutaneous implantation was conducted during pentobarbital anesthesia using a sterile surgical technique. Human AII was infused at a dose of 200 ng/kg/min. This dose of AII has previously been demonstrated to exert no pressor effects in the animals and has been shown to trigger the generation of reactive nitrogen species in the vascular endothelium (11) .
Role of PARP Activation in the Endothelial
Fourteen rats receiving AII were treated from day 0 (n = 8) or day 7 (n = 6) with the PARP inhibitor PJ-34 orally (30 mg/kg/d in drinking water) for 1 wk and used for vascular measurement on day 7 or 14. An additional 20 rats receiving AII were also treated with vehicle (n = 8) or with the PARP inhibitor INO-1001 from day 0 (n = 8) or day 7 (n = 4) following AII pump implantation. INO-1001 (n = 12) or vehicle (n = 8) was delivered by ALZET osmotic minipumps implanted subcutaneously (5 mg/kg/d). Previous studies have demonstrated that the selected PARP inhibitor treatment regimens are effective in blocking vascular and cardiac PARP activation (13) (14) (15) (16) (17) . At the end of observation, mean blood pressure was measured as described previously (18) . Animals were anesthetized with thiopentone sodium (60 mg/kg, intraperitoneally) and were placed on controlled heating pads. Core temperature, measured via a rectal probe, was maintained at 37 °C. A microtip catheter transducer (SPR-524; Millar Instruments, Houston, TX, USA) was inserted into the right carotid artery, and pressure signal was recorded for 10 min using a MacLab A/D converter (AD Instruments, Mountain View, CA, USA), and stored and displayed on an Apple Macintosh computer (Cupertino, CA, USA). Animals were subsequently sacrificed by exsanguinations, and thoracic aortas were rapidly removed, cleared from periadventitial fat, cut into 3-to 4-mm wide rings using operation microscope, and mounted in organ baths filled with warmed (37 °C), oxygenated (95% O 2 , 5% CO 2 ) Krebs' solution (CaCl 2 1.6 mM; MgSO 4 1.17 mM; EDTA 0.026 mM; NaCl 130 mM; NaHCO 3 14.9 mM; KCl 4.7 mM; KH 2 PO 4 1.18 mM; glucose 11 mM). Isometric tension was measured as described (12, 13, 17) with isometric transducers (Kent Scientific Corporation, Litchfield, CT, USA), digitized using a MacLab A/D converter and stored and displayed on a Macintosh computer. A tension of 1.5 g was applied and the rings were equilibrated for 60 min. This was followed by precontraction of rings with epinephrine (10 -6 M) and relaxation to acetylcholine (10 -9 to 3 × 10 -4 M).
Sections of thoracic aortas were fixed in 10% formalin, and then sliced and embedded in paraffin for immunohistochemical detection of poly(ADP-ribose) formation, an immunohistochemical indicator of the activation of PARP. Immunohistochemical detection of poly(ADP-ribose) was performed in paraffin sections (3 µm) after deparaffinization in xylene and rehydrated in decreasing concentrations (100%, 95%, and 75%) of ethanol followed by a 10-min incubation in phosphate-buffered saline (PBS) (pH 7.4). Sections were treated with 0.3% hydrogen peroxide for 15 min to block endogenous peroxidase activity and then rinsed briefly in PBS. Non-specific binding was blocked by incubating the slides for 1 h in 0.25% Triton/PBS containing 2% horse serum. Poly(ADP-ribose) was detected using a chicken monoclonal antipoly(ADP-ribose) antibody (Tulip Biolabs, West Point, PA, USA) and isotype-matched control antibody, and applied in a dilution of 1:600 for 1 h at room temperature. After extensive washing (3 × 10 min) with 0.25% Triton/PBS, immunoreactivity was detected with a biotinylated horse antichicken secondary antibody and an avidin-biotin-peroxidase complex, both supplied in the Vector Elite kit (Vector Laboratories, Burlingame, CA, USA). Color was developed using Ni-DAB substrate-kit (Vector Laboratories). Sections were then counterstained with nuclear fast red, dehydrated, and mounted in Permount. Photomicrographs were taken with a Zeiss Axiolab microscope (Carl Zeiss, Göttingen Germany) equipped with a Fuji HC-300C digital camera (Fuji Electriclo Co, Tokyo, Japan). All immunohistochemical samples were coded and examined and graded by an investigator in a blinded fashion.
The role of PARP in the development of AII-induced endothelial dysfunction was also investigated in wild-type and PARPdeficient mice. AII (at the same dose as in the rat study) was infused for 1 wk in 6 wild-type and 6 PARP-1-deficient mice, followed by the evaluation of the endothelium-dependent relaxant responses ex vivo.
Role of AII and PARP in the Development of Endothelial Dysfunction in Spontaneously Hypertensive Rats
Male spontaneous hypertensive rats (SHR) (8 wk old) were purchased from Charles River Laboratories (Wilmington, MA, USA) and were treated with vehicle (n = 10), or the angiotensin-converting enzyme inhibitor enalapril for 8 wk (20 mg/kg/d, n = 10) administered in the drinking water. Food and water were available ad libitum. Matched-weight Wistar-Kyoto (WKY) were purchased from the same supplier and were used as baseline controls. After 8 wk, hemodynamic analysis was conducted in rats anesthetized with intraperitoneal injection of pentobarbital (60 mg/kg). Animals were placed on controlled heating pads and core temperature was measured via a rectal probe and maintained at 36 to 38°C. A microtip catheter transducer (SPR-524; Millar Instruments) was inserted into the right carotid artery and advanced into the left ventricle under pressure control. After stabilization, the pressure signal was continuously recorded using a MacLab A/D converter (AD Instruments, Mountain View, CA, USA) and stored and displayed on an Apple Macintosh computer. The heart rate, the left ventricular systolic and end-diastolic pressures were measured. The maximal slope of systolic pressure increment (+dP/dt), an index of contractility, was calculated. After these measurements, the catheter was pulled back into the aorta for the measurement of arterial blood pressure. Animals were subsequently sacrificed by exsanguination, and measurements of vascular function were conducted as described in the previous section "Role of PARP Activation in the Endothelial Dysfunction Developing in Response to Sub-pressor Doses of AII in Rats and Mice." Hearts, kidneys and thoracic aortas were obtained for immunohistochemical analysis of PARP activation, as described in "Role of PARP Activation in the Endothelial Dysfunction Developing in Response to Sub-pressor Doses of AII in Rats and Mice."
Statistical Analysis
Results are reported as mean ± SEM. Statistical significance between 2 measurements was determined by the two-tailed unpaired Student t test, and among groups it was determined by analysis of variance with Bonferroni's correction. Probability values of P < 0.05 were considered significant.
Reagents
Reagents were obtained from Sigma/Aldrich (St. Louis, MO, USA), unless indicated otherwise in the Materials and Methods section. The phenanthridinone PARP inhibitor PJ34 and the isoindolinone PARP inhibitor INO-1001 were synthesized as previously described (11) (12) (13) (14) .
RESULTS
AII Induces PARP Activation in Murine Endothelial Cells In Vitro
Exposure of endothelial cells to increasing concentrations of AII dose-dependently increased PARP activity (Figure 1) . Treatment of endothelial cells with 300 µM AII increased PARP activation approximately 3-fold over baseline levels. PARP activity was inhibited dose-dependently by PJ-34 and INO-1001 with IC 50 values of approximately 30 nM and 3 nM, respectively. The AIIinduced activation of PARP was dose-dependently inhibited by the AII subtype 1 receptor antagonist, losartan; the NADPH oxidase inhibitor, apocynin; and the NOS inhibitor, L-NAME; but was unaffected by the xanthine oxidase inhibitor allopurinol ( Figure 2 ). As DNA single-strand breakage is the obligatory trigger of PARP activation, we have investigated whether AII induces DNA strand breaks in the endothelial cells and whether the pharmacological agents used affect it. We found that AII induced a significant degree of DNA strand breakage, and this was blocked by losartan, apocynin, L-NAME, but not by allopurinol (Figure 3 ).
AII Infusion Triggers PARP Activation and Induces the Development of Endothelial Dysfunction In Vivo
Infusion of AII to Sprague-Dawley rats (at a sub-pressor dose of 200 ng/kg/min) for 7 d induced the development of endothelial dysfunction, as assessed by the endothelium-dependent relaxant responses to acetylcholine in the thoracic aorta ex vivo (Figure 4 ). This endothelial dysfunction was sustained when AII was infused at the same rate for an additional 1-wk period (see Figure 4) or INO-1001 (not shown) at doses of 20 mg/kg/d, starting from day 1, prevented the development of the endothelial dysfunction. Administration of the PARP inhibitors for the 2nd wk only, restored normal endothelial function. Infusion of AII failed to induce a pressor response and there were no differences in mean arterial blood pressure values between any of the experimental groups (not shown). Immunohistochemical detection of poly(ADPribose) confirmed that the PARP inhibitors block endothelial PARP activation in the AII-treated animals ( Figure 5 ). The role of PARP in the development of endothelial dysfunction was also confirmed using wild-type and PARP-1-deficient mice. Whereas 1 wk of AII infusion induced a significant loss of endotheliumdependent relaxations in wild-type mice, there was no detectable loss of endothelium-dependent relaxations in the PARP-1-deficient mice ( Figure 6 ).
Enalapril Normalizes Endothelial and Cardiovascular Functions and Prevents the Activation of PARP in SHR
There was no significant difference in body weights among the control group (Wistar Kyoto rats), the SHR group, and the enalapril-treated group (not shown). The arterial blood pressure was almost doubled in the SHR group compared with the control group (209 ± 5 mmHg and 109 ± 6 mmHg, respectively). Enalapril reduced the arterial blood pressure to 138 ± 23 mmHg (P < 0.01). The left ventricular systolic pressure was also markedly increased in the SHR group, which was normalized in the presence of enalapril (Figure 7) . Similarly, +dP/dt values were higher in the SHR animals and were normalized by enalapril treatment (see Figure 7 ). There was a marked impairment in the endothelium-dependent relaxant function of the SHR animals, which was normalized with enalapril treatment (Figure 8 ). Previous studies have demonstrated that pharmacological inhibition of PARP also normalizes the endothelial dysfunction associated with hypertension (19) . There was a marked increase in the degree of poly(ADP-ribose) staining (a marker of PARP activation) in the heart, kidney, and aorta of SHR animals, which was abolished in the enalapriltreated SHR animals ( Figure 9 ).
DISCUSSION
Multiple reports indicate the importance of PARP activation in the development of endothelial dysfunction associated with endotoxic shock (20) , ischemia-reperfusion injury (13, 21) , chronic Statistical significance was determined from 3 separate experiments using Student t test where P < 0.05 was considered significant; *P < 0.05 compared with angiotensin treatment alone.
heart failure (17) , and diabetes mellitus (14, 22) . This endothelial dysfunction is not necessarily associated with endothelial cell denudation or death, and it can be reversible. As demonstrated in thoracic aortas from rats with diabetes mellitus, the endothelial dysfunction that develops is rapidly reversible by pharmacological inhibition of PARP and is due to the endothelial depletion of NADPH, an essential co-factor of the endothelial NOS (14, 22) .
We have recently reported that the endothelial dysfunction associated with hypertension and with aging in rats is also dependent on PARP and can be prevented by pharmacological inhibition of PARP with PJ34 (23) . As the production of AII is an essential contributor to the cardiovascular alterations associated with hypertension (and plays a central role in the development of endothelial dysfunction) and is an inducer of oxidative and nitrosative stress in endothelial cells (3-10), here we tested whether AII is capable of inducing PARP activation, and whether PARP activation is inhibited by blockade of AII generation in hypertension. The in vitro studies in endothelial cells demonstrated that AII is capable of inducing a dose-dependent PARP activation. The concentrations of AII required to induce PARP activation are higher than the circulating concentrations of AII, but are in the same concentration range as what has been used in multiple previous studies to induce oxidative stress in endothelial cells in vitro (for example, 11, 12, [23] [24] [25] [26] [27] .
Previous work has demonstrated that endothelial cells exposed to AII in vitro respond with the generation of multiple oxygen-and nitrogen-derived reactive species through a variety of mechanisms, including superoxide generation via NADPH oxidase, xanthine oxidase, the mitochondrial electron transport chain, and superoxide and nitric oxide generation from the endothelial NOS (3-10, 23-27). Our in vitro pharmacological studies indicate that AII subtype 1 activation, NADPH oxidase-derived (but not xanthine oxidase-derived) superoxide generation, and nitric oxide production (or a nitric oxide-derived reactive species such as peroxynitrite) play roles in the AII-induced DNA single-strand breakage, and the subsequent activation of PARP. Consistently with the current findings, recent in vitro studies demonstrated that the combination of NO and superoxide formation leads to the generation of peroxynitrite in AII-exposed endothelial cells (11, 12) .
Our subsequent in vivo experiments demonstrated that a low continuous infusion of AII results in the development of endothelial dysfunction. These findings are consistent with recent studies by Bauer and his group (11) , who demonstrated that the same regimen of AII infusion induces the formation of nitrotyrosine in the vasculature. The finding that PARP inhibitors (2 different PARP inhibitors of 2 different structural classes) and genetic PARP-1 deficiency normalize the AII-induced endothelial dysfunction in vivo is consistent with the hypothesis that reactive oxygen and nitrogen species are produced in the vicinity of the endothelium in AII-treated animals, which induce DNA strand breakage, PARP activation, and reversible endothelial dysfunction. Our findings in SHR animals are also consistent with this hypothesis, as we report here that inhibition of angiotensin-converting enzyme with enalapril blocked the activation of PARP in spontaneously hypertensive rats. This observation indicates that not only endogenously infused AII, but also endogenously produced AII is able to activate PARP in the vasculature. The dose of enalapril used in the current study has been shown to provide a full blockade of angiotensin-converting enzyme (ACE) and has been demonstrated to normalize blood pressure and cardiovascular function (28) (29) (30) . The question may arise as to whether PARP activation in SHR animals is related to AII directly activating oxidative and nitrosative processes in the endothelial cells, or alternatively, to the physical phenomenon of hypertension, which could, in theory, enhance endothelial oxidant and free radical production via increased shear stress (31) (32) (33) . The finding that AII can activate PARP in endothelial cells in vitro and in vivo-at sub-pressor doses-tends to support a direct mechanism.
PARP is also involved in the regulation of cytokine and chemokine production, in part via activation of nuclear factor kappa B (9, 10) . It is known that AII can up-regulate inflammatory signal transduction pathways in cardiovascular disease, in part via activation of nuclear factor kappa B (1) (2) (3) (4) (5) 34, 35) . Future work is required to determine whether AII-mediated up-regulation of pro-inflammatory signal transduction pathways may also involve the PARP pathway.
In conclusion, the current results demonstrate the first time that AII induces PARP activation in vitro and in vivo. In addition, based on the results of studies conducted with pharmacological inhibitors, we conclude that AII-induced PARP activation is related to reactive species generation from NOS and NADPH oxidase.
Based on the results obtained with 2 structurally different potent PARP inhibitors and with PARP-1-deficient animals, we conclude that AII-induced endothelial dysfunction in vivo is mediated, at least in part, by PARP activation. In addition, the current report is the first direct demonstration of PARP activation in hypertension, and the first evidence that the protective effects of ACE inhibitors in spontaneously hypertensive rats are associated with reduced PARP activation. Based on the current results, we put forward the hypothesis that pathophysiological formation of elevated circulating levels of AII triggers oxidative and nitrosative stress in the endothelial cells, which activates PARP, which subsequently triggers the development of endothelial dysfunction (Figure 10) . Note, however, that the role of AII in triggering endothelial dysfunction and cardiovascular alterations goes beyond hypertension. AIImediated oxidative stress and related pathophysiological processes have been implicated in the development of diabetic complications, chronic heart failure, and atherosclerosis (diseases all associated with the activation of PARP). It is conceivable that AII may act as an endogenous trigger of PARP activation in these conditions.
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